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We evaluated the role of reactive oxygen species (ROS) for the contraction induced increase in expression of PGC-1α, HKII and UCP3
mRNA. Rat skeletal muscle cells were subjected to acute or repeated electrostimulation in the presence and absence of antioxidants. Contraction of
muscle cells lead to an increased H2O2 formation, as measured by oxidation of H2HFF. Acute contraction of the muscle cells lead to a transient
increase in PGC-1α and UCP3 mRNA by 172 and 65%, respectively (p<0.05), whereas this increase was absent in the presence of antioxidants.
Repeated contraction sessions induced a sustained elevation in PGC-1α and UCP3 mRNA and a transient increase in HKII (p<0.05) and this
effect was not present with treatment of cells with either an antioxidant cocktail or with GPX+GSH. Incubation of cells for 10days with ROS
produced by xanthine oxidase/xanthine increased the level of PGC-1α, HKII and UCP3 mRNA by 175, 58 and 115%, respectively (p<0.05). A
10-day incubation of cells with antioxidants was found to have no effect on the basal mRNA content (p>0.05). The present data demonstrate that
contraction of skeletal muscle cells leads to an enhanced formation of ROS and an elevation in PGC-1α, UCP3 and HKII mRNA content which is
abolished in the presence of antioxidants, suggesting that ROS are of importance for the contraction induced increase in expression of these genes
in skeletal muscle.
© 2006 Elsevier B.V. All rights reserved.Keywords: Antioxidant; Reactive oxygen species; Gene expression; Rat skeletal muscle cell; Contraction1. Introduction
Acute muscle contractile activity induces a transient increase
in mRNA expression of several genes in skeletal muscle
although the magnitude of response varies for different genes, in
part according to exercise intensity and duration [1,2]. Three
metabolically related genes that have been shown to be
transiently increased in human skeletal muscle after a single⁎ Corresponding author. Fax: +45 35 32 16 00.
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doi:10.1016/j.bbamcr.2006.06.010bout of muscle contraction are the peroxisome proliferator-
activated receptor (PPAR)-γ coactivator 1α (PGC-1α), mito-
chondrial uncoupling protein-3 (UCP3) and hexokinase II
(HKII) [3]. PGC-1α is a transcriptional co-activator that binds
to several different transcription factors, responsible for
regulating the transcription of genes such as carnitine
palmitoyltransferase I (CPTI) and the glucose transporter 4
(Glut 4) [4–6]. In skeletal muscle, PGC-1α has been reported to
increase mitochondrial biogenesis [6], mitochondrial uncou-
pling protein [7] as well as fatty acid metabolism [6,8].
Moreover, PGC-1α over-expression in C2C12 cells induces a
substantial increase in the expression of mitochondrial genes
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an important modulator of gene expression in skeletal muscle
[5]. Hexokinase II is a protein responsible for the phosphor-
ylation of glucose within the cell and the activity of this
enzyme is therefore, together with Glut 4, potentially limiting
for glucose uptake into skeletal muscle [9]. UCP3 belongs to a
family of mitochondrial uncoupling proteins which uncouple
the oxidative phosphorylation thereby increasing thermogen-
esis and decreasing the formation of ATP [10]. Moreover,
recent evidence points at a role for UCP3 in the export of
ionized fatty acids and lipid peroxides from the mitochondria
[11]. Although the actual physiological role of UCP3 in
skeletal muscle remains unclear, mitochondrial uncoupling is
described to decrease mitochondrial reactive oxygen species
(ROS) production suggesting that the exercise induced
increase in UCP3 mRNA expression may function to limit
contraction-induced ROS formation [12]. It is plausible that
the increased UCP3 expression occurs via a feed-back system,
where enhanced ROS formation exhibits an increased UCP3
transcription.
Repeated bouts of contractile activity will enhance the
mRNA content of many genes and the enhanced mRNA
content may ultimately result in an increased protein level and
consequent physiological adaptations of processes such as
substrate utilization, O2 consumption, and mitochondrial
biogenesis [13]. The pathways responsible for the induction
of genes in response to muscle contraction remain, however,
largely unknown. Nevertheless, a number of factors, including
reactive oxygen species (ROS) have been proposed to exert
important modulatory functions in the regulation of skeletal
muscle gene expression [14]. ROS levels are known to
increase intracellularly as well as extracellularly in muscle cell
cultures during contractile activity [15–18]. Although the
enhanced formation of ROS in association with contractile
activity has long been believed to be harmful by causing lipid
peroxidation, DNA and protein modifications [19,20], evi-
dence is accumulating also for an important role of ROS in
cell signaling, potentially by altering the redox equilibrium of
proteins [7,14,19,21,22]. Several studies suggest that excess
ROS can lead to an altered mitochondrial gene expression and
function by influencing mtDNA [23,24]. This ROS induced
alteration in gene expression is associated with an up-
regulation of nuclear respiratory factor-1 α (NRF-1) and
nuclear respiratory factor-2 α (NRF-2), which in turn regulate
mitochondrial DNA transcription and replication via mito-
chondrial transcription factor A (mtTFA) [7]. Moreover,
expression of PGC-1α, that seems to be involved in the up-
regulation of NRF-1 and NRF-2, has been shown to be
enhanced upon exposure of tissue to oxidative stress via LPS
treatment [7]. To date, few studies have determined the role of
ROS for gene expression in skeletal muscle cells. Therefore,
we tested the hypothesis that ROS are involved in the
regulation of gene expression in skeletal muscle cells and that
antioxidants would reduce the contraction induced increase in
PGC-1α, UCP3 and HKII mRNA by reducing the increase in
ROS. Rat primary skeletal muscle cells in culture were used as
experimental model.2. Materials and methods
2.1. Materials
Dulbecco's modified Eagle's medium (DMEM), fetal calf serum, and horse
serum were purchased from Gibco (Germany). Collagenase II, trypsin and
penicillin/streptomyocin were obtained from Boehringer Mannheim (Germany).
DNAse, Dulbecco's phosphate-buffered saline (DPBS), reduced glutathione
(GSH), glutathione peroxidase (GPX, EC 1.11.1.9), catalase (CAT, EC 1.11.1.6),
superoxidedismutase (SOD,EC1.15.1.1), cytochromeC, coenzymeQ10, vitamin
C, vitamin E, xanthine, and xanthine oxidase (XO, EC 1.1.3.22) and Allopurinol,
were obtained from Sigma (MO, USA). Dihydro-2′-4,5,6,7,7′-hexafluorofluor-
escein (H2HFF) was obtained fromMolecular Probes (Eugene, OR, USA). Trizol
was obtained from Invitrogen (Invitrogen, CA, USA) while remaining reagents
used in RNA isolation were purchased from Sigma (MO, USA). Superscript was
obtained from Invitrogen, primers and probes from Tag Copenhagen (Denmark)
and PCR master-mix from Applied Biosystems (CA, USA).
2.2. Primary rat skeletal muscle cell isolation and culture
All experimental procedures were in agreement with the European
Convention for the Protection of Vertebrate Animal Used for Experimental or
other Scientific Purposes (Council of Europe No. 123, Strasbourg, France,
1985). Male Wistar rats (150g) were sacrificed by cervical dislocation of the
neck. The hind-limbs were quickly removed and used to prepare muscle cell
culture as described previously by Lynge et al. [25].
The cells were cultured for the first 2 days in Primary growth medium
containing DMEM with 20% foetal calf serum and thereafter in fusion medium
(FM) containing DMEM with 10% horse serum. On day 3 after seeding the
myocytes began to differentiate forming multinucleated myotubes.
2.3. Electrostimulation protocol
The cell cultures were electrostimulated in 30mm dishes with the use of
platinum electrodes. The protocol consisted of 0.5s trains with 0.5s pauses
between the trains. The train stimulus consisted of 1ms pulse width with 0.02s
of pulse interval delivered at 10V. Cells were stimulated for 90min. The effect of
the electrostimulation on contraction of the myotubes was verified by
examination under microscope.
2.4. Acute electrostimulation in the presence and absence of
antioxidants
Ten days after seeding, the cells were given either FM alone as control or
were given different antioxidant cocktails containing either (i) SOD (30U
mL−1), CAT (300U mL−1), GPX (5U mL−1) and GSH (0.5mM), ii) vitamin C
(50μM), GSH (0.5mM), vitamin E (25μM) and CoQ10 (5μM) or iii) vitamin E
(25μM) and CoQ10 (5μM) or iv) GPX and GSH. After 24h of incubation, the
medium was replaced by DMEM with 0.1% BSAwith the addition of the same
antioxidant cocktails as before. The next day the medium was again removed
and replaced by the same but fresh medium. One hour later, the cells were
electrostimulated for 90min. The cells were harvested in Trizol at 3h, 10h and
24h, except for in group (iv) where cells were harvested after 3 and 24h.
2.5. Effect of electrostimulation for 5days
Ten days after seeding, the cells were given either FM alone as control or
were given an antioxidant cocktail containing SOD (30U mL−1), CAT (300U
mL−1), GPX (5U mL−1), GSH (0.5mM), vitamin C (50μM), vitamin E (25μM)
and CoQ10 (5μM). The cells were electrostimulated for 90min. In another set of
experiments muscle cells were given either FM alone as control or GPX (5U
mL−1) and GSH (0.5mM) every day. The medium was replaced without
(control) or with new antioxidants every 48h, always 1h before electrical
stimulation. On the fourth day of stimulation, the medium was replaced by
DMEM with 0.1% BSA and the same antioxidant cocktails as before. The next
day the medium was again removed and replaced by the same but fresh medium,
1 h prior to the last electrostimulation. The cells were harvested in Trizol at 3h,
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at 3 and 24h after stimulation for the second (GPX/GSH) experiment.
2.6. H2O2 standard curve
H2HFF stock solution was prepared by dissolving 1mg in D-PBS (1mL) and
stored at 4 °C. The solution was stored protected from light, under nitrogen and
in small aliquots of 25μl. measurements were conducted in D-PBS (2mL), pH
7.4, at 37 °C during 10min. The reaction mixture contained H2HFF (10μg/mL),
cytochrome c (10μM) and H2O2 (0, 0.25, 0.5, 0.75, 1.0, and 10μM). In
independent experiment GPX (5U·mL−1) and GSH (0.5mM) were added as
H2O2 scavenger. The regression coefficient for the analysis is provided in Fig.
5A. The H2HFF oxidation was quantified from the fluorescence emission scan
(model F2000, Hitachi) with excitation wavelength set at 488nm and emission
between 488 and 700nm.
2.7. Cytochrome C standard curve
The assay was performed during 5min in 1mL of KH2PO4 buffer (0.05M)
containing EDTA (0.1M). The pH was set in 7.4 and temperature kept at 37 °C.
The mixture reaction contained xanthine (50μL), cytochrome c (Cyt C; 50μM),
catalase (10μg/mL) and xanthine oxidase in 3 different concentrations: 0.005,
0.05 and 0.5U/mL. In an independent experiment SOD (100U/mL) was added
in the mixture reaction containing xanthine/xanthine oxidase. The Cyt C
reduction was monitored by a spectrophotometer at 550nM. A regression
analysis for increasing concentrations of xanthine oxidase showed a coefficient
of r=0.989, p<0.001.
2.8. Effect of muscle contraction on O2
S− and H2O2 formation
The cells were washed twice and DMEM (1mL) was added containing
5mM glucose, pH 7.3. In independent experiments either H2HFF (10μg/mL)
plus cytochrome c (10μM) or Cyt C (50μM) were added and the cells were
electrostimulated during 90min. Samples (20μl) from the extracellular medium
were collected immediately after stimulation and fluorescence intensity of
H2HFF or absorbance of Cyt C were monitored. Extracellular addition of GSH
(0.5mM) and GPX (5U·mL−1) as H2O2 scavengers demonstrated that H2HFF
oxidation was due to H2O2. Addition of SOD as O2
S− scavenger to the Cyt C
reaction confirmed reaction of Cyt C with superoxide. All experiments were
performed at 37 °C and in a dark room to avoid non-specific H2HFF and Cyt C
oxidation. H2O2 and Cyt C were monitored as described above. To assess the
potential contribution of electrolysis on H2O2 formation, the cell medium used
for experiments, DMEM with 0.1% BSA, without presence of cells, was
electrically stimulated for 90min in the presence of H2HFF.
2.9. Oxidant and antioxidant treatment for 10days
At day 5 after seeding, the muscle cell cultures were treated with oxidants or
antioxidants for 10 days. One group of cells received a combination of xanthine
oxidase (50mU mL−1) and xanthine (50μM) every 24h for the 10 days whereas
another group received an antioxidant cocktail containing: SOD (30U mL−1),
CAT (300U mL−1), GPX (5U mL−1) and GSH (0.5mM) every 48h for the 10
days. In a second set of experiments cells were treated with xanthine oxidase
(50mU mL−1) in combination with the xanthine oxidase inhibitor allopurinol
(100μM) every day for 10days as control. And in a third set of experiments cells
were treated with either SOD (30U mL−1) and CAT (300U mL−1) or GSH
(0.5mM) every 48h for the 10 days. All solutions were prepared in DMEM. The
cells were cultured in FM until day 9, when the FM medium was replaced by
DMEM containing 0.1% BSA.
2.10. RNA isolation, reverse transcription and PCR
Total RNAwas isolated from the Trizol samples following the guidelines of
the manufacturer (Invitrogen, CA, USA) and resuspending the final pellets in
50μl DEPC treated H2O containing 0.1mM EDTA. The purity of the samples
was assessed from the 260nm/280nm ratio, which was always above 1.9, and
total RNA was quantified from the absorbance at 260nm.Using the Superscript II RNase H system (Invitrogen, Carlsbad, CA), 3μg
total RNA was reverse transcribed (RT) as previously described [1]. Each RT
sample was diluted in nuclease free water to a total volume of 170μl. The
mRNA content of PGC-1α, UCP3, HKII and GAPDH was determined by real
time PCR (ABI PRISM 7900 Sequence Detection System, Applied Biosystems,
CA, USA). GAPDH cDNA was amplified using a predeveloped assay reagent
(Applied Biosystems, CA, USA), while forward and reverse primers and a
TaqMan probe were designed for each of the three other genes using rat specific
sequence databases (Entrez-NIH and Ensembl, Sanger Institute) and computer
software (Primer Express, Applied Biosystems, CA, USA). These oligos were
obtained from Tag Copenhagen (Denmark). For each of the genes, a Blast
Search revealed that sequence homology was obtained only for the target gene.
All TaqMan probes were 5′–6-carboxyfluorescein (FAM) and 3′–6-carboxy-N,
N,N′,N′-tetramethylrhodamine (TAMRA) labeled. Prior optimization was
performed as previously described [2]. PCR amplification was performed (in
triplicate) in a total reaction volume of 10μl. The reaction mixture consisted of
1μl template, the TaqMan probe and forward and reverse primers as determined
from the prior optimization, nuclease-free water and 2× TaqMan Universal
MasterMix (Applied Biosystems, CA, USA) containing AmpliTaq Gold DNA
polymerase, AmpErase uracil N-glycosylase, dNTPs with dUTP, ROX as
passive reference and buffer components. An identical PCR cycle profile was
used for all genes: 50 °C for 2min+95 °C for 10min+[95 °C for 15s+60 °C for
1min]×40 cycles. The threshold cycle (Ct), reflecting the initial target mRNA
content in the sample, was converted to a relative amount using a standard curve
obtained by running a serial dilution of a pooled RT sample together with the
samples. For each sample, the amount of target gene mRNAwas normalized to
the GAPDH mRNA content. The lack of effect of the various experimental
conditions on the expression of GAPDH mRNAwas statistically verified prior
to use of this gene as reference.
2.11. Statistics
The values for PGC-1α, UCP3 and HKII mRNAwere expressed in relation
to the mRNA content of GAPDH. An independent two-way analysis of variance
with repeated measures was used to compare results between treatments and
over time (i.e., GAPDH, PGC-1α, UCP3 and HKII mRNA expression at 3, 10
and 24h). Comparisons of measurements made on a single parameter (i.e., ROS
formation, PGC-1α, UCP3 and HKII expression during oxidant/antioxidant
treatment) were done by one-way analysis of variance (ANOVA). When a
significant F value (p<0.05) was found, the Tukey post hoc test was applied. In
all experiments, absolute values of control or control day 0 group were set to 1
and values into treatment groups were expressed as relative values to 1. The
values are presented as means±SEM.3. Results
3.1. Effect of acute electrical stimulation with and without
antioxidants on PGC-1α, UCP3 and HKII mRNA content
Electrostimulation of untreated cells resulted in a higher
PGC-1α and UCP3 mRNA content compared to control
(∼172% at 3h and 65% at 10h, respectively) (p<0.05,
Figs. 1A and 2A) whereas the HKII mRNA content was
unaffected (results not shown). PGC-1α mRNA had returned to
the basal level at 10h after end of stimulation (Fig. 1A), and
UCP3 mRNA at 24h after end of stimulation (Fig. 2A).
Antioxidant treatment using either a combination of SOD, CAT,
GPX and GSH; a combination of vitamin E, vitamin C, CoQ10
and GSH; or a combination of vitamin E and CoQ10 abolished
the increase in PGC-1α and UCP3 mRNA (p>0.05, Figs. 1 and
2). Of note was that UCP3 mRNA expression was 40% lower
(p<0.05) at 24h after stimulation than before electrostimulation
in the group treated with vitamin E and CoQ10 (Fig. 2D).
Fig. 1. The effect of acute electrostimulation on PGC-1α mRNA content in rat
skeletal muscle cells. Panel (A), electrostimulation without antioxidants; panel
(B), electrostimulation in the presence of enzymatic antioxidants: SOD (30U
mL−1), CAT (300U mL−1), GPX (5U mL−1)/GSH (0.5mM); panel (C)
electrostimulation in the presence of non-enzymatic antioxidants: vitamin E
(25μM), vitamin C (50μM), GSH (0.5mM) and CoQ10 (5μM); panel D),
electrostimulation in the presence of fat-soluble antioxidants: vitamin E (25μM)
and CoQ10 (5μM). The target gene mRNA content was normalized to the
GAPDHmRNA content and related to the control which was set to 1. The values
are means±SEM; n=6. *p<0.05 compared to control within group.
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without antioxidants on PGC-1α, HKII and UCP3 mRNA content
3.2.1. PGC-1α
Five consecutive days of electrical stimulation for 90min
every day resulted in a higher PGC-1α mRNA content at 3Fig. 2. The effect of acute electrostimulation on UCP3 mRNA content in rat
skeletal muscle cells. Panel (A), electrostimulation without antioxidants; panel (B),
electrostimulation in the presence of enzymatic antioxidants containing SOD
(30U mL−1), CAT (300U mL−1), GPX (5U mL−1)/GSH (0.5mM); panel (C)
electrostimulation in the presence of non-enzymatic vitamin E (25μM), vitamin C
(50μM), GSH (0.5mM) and CoQ10 (5μM); panel (D), electrostimulation in the
presence of fat-soluble antioxidants vitamin E (25μM) and CoQ10 (5μM). The
values are means±SEM; n=6. *p<0.05 compared to control within group.(∼145%, p<0.05), 10 (∼75%, p<0.05) and 24h (∼99%,
p<0.05) after stimulation compared to control. Antioxidant
treatment with SOD, CAT, GPX, GSH, vitamin E, vitamin C and
CoQ10 abolished the increase in PGC-1α mRNA at 10 and 24h
(p<0.05; Fig. 3A). The PGC-1α mRNA level at 3h after
electrostimulation in the antioxidant treated cells was higher
than before electrostimulation, but ∼43% lower than the 3h
level observed after electrostimulation without antioxidants
(p<0.05).
3.2.2. UCP3
After five successive days of electrical stimulation the UCP3
mRNA content was markedly higher than in control cells at 10h
(∼88%, p<0.05) and 24h (∼65%, p<0.05; Fig. 3B). This
elevated content of UCP3 mRNA was not observed in
antioxidant treated cells (p>0.05, Fig. 3B).
3.2.3. HKII
Five successive days of electrical stimulation lead to a
transient (∼53% at 3h after stimulation) higher level of HKII
mRNA compared to control (p<0.05) (Fig. 4). In antioxidantFig. 3. The effect of repeated bouts of electrostimulation for 5 days on PGC-1α
(panel A), UCP3 (panel B) and HKII (panel C) mRNA levels. Combination of
different antioxidants containing SOD (30U mL−1), CAT (300U mL−1), GPX
(5U mL−1), GSH (0.5mM), vitamin E (25μM), vitamin C (50μM) and CoQ10
(5μM). The values are means±SEM; n=6. *p<0.05 compared to control day 5.
#p<0.05 compared to stimulated 3h without antioxidants.
Fig. 4. The effect of GPX (5U mL−1) and GSH (0.5mM) on PGC-1α
(panel A), UCP3 (panel B) and HKII (panel C) mRNA content after 5 days of
repeated bouts of electrostimulation. The values are means±SEM; n=5.
*p<0.05 compared to control day 5.
Fig. 6. The effect of 10-day treatment with ROS and antioxidants on mRNA
content of PGC-1α (panel A), UCP3 (panel B) and HKII (panel C) in skeletal
muscle cells. ROS were generated by the xanthine oxidase/xanthine system.
Added antioxidants were: SOD (30U mL−1), CAT (300U mL−1), GPX (5U
mL−1) and GSH (0.5mM). The values are means±SEM ; n=8. *p<0.05
compared to control day 10.
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HKII mRNA content (p>0.05, Fig. 3C).
3.3. Formation of ROS during muscle cell contraction
Electrostimulation of the muscle cells increased the forma-
tion of H2O2 (Fig. 5B) but not of O2
S− (data not shown).
Electrostimulation of cell media alone without cells present had
no effect on H2O2 levels as measured by H2HFF demonstrating
that H2O2 formation during muscle cell contraction was not due
to electrolysis (Fig. 5C).Fig. 5. Measurement of H2O2 by H2HFF oxidation. (A) Standard curve (B)
formation of H2O2 in muscle cell cultures during contraction (n=8) and (C)
H2O2 in electrostimulated cell media without cells present (n=3). The values are
means±SEM. *p<0.05 compared to control.3.4. Effect of ROS and antioxidant treatment for 10days on
PGC-1α, UCP3 and HKII mRNA content
There were no time-dependent alterations in the PGC-1α,
HKII and UCP3 mRNA levels of the non-treated control
cells during the 10days of the experiment (p>0.05; Fig. 6).
Treatment of cells with xanthine/xanthine oxidase for 10days
increased the PGC-1α, UCP3 and HKII mRNA levels by
∼175%, 115% and 58%, respectively, compared with controls
at day 10 (p<0.05, Fig. 6A–C). Ten days of treatment of cells
with inactive xanthine oxidase (inhibited by allopurinol) did not
affect the mRNA content of the measured genes (Fig. 7A, B).
Antioxidant treatment with the following antioxidant combina-
tions: (i) SOD (50 U mL−1), CAT (300U mL−1), GPX (5UFig. 7. The effect of 10-day treatment of skeletal muscle cells with xanthine
oxidase inhibited by allopurinol (A, B); SOD (30U mL−1) and CAT (300U
mL−1) (C, D); or GSH (0.5mM) (E, F) on PGC-1 α and UCP-3 mRNA levels in
skeletal muscle cells. The values are means±SEM; n=6.
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mL−1) (Fig. 7C, D); or (iii) GSH (0.5mM) (Fig. 7E, F), had no
effect on the basal PGC-1α, HKII and UCP3 mRNA level
(p>0.05).
4. Discussion
The main findings of the present study were that acute as
well as repeated bouts of muscle contraction induced an
increase in H2O2 along with an elevated mRNA content of
PGC-1α, UCP3 and HKII, and that the latter effect was
abolished after treatment of cells with antioxidants. Moreover,
the content of mRNA for these genes was markedly enhanced in
the muscle cells by the addition of ROS via xanthine oxidase/
xanthine. The results suggest that ROS formed during muscle
contraction are involved in the regulation of gene expression in
skeletal muscle cells and that elevated extracellular antioxidant
levels can remove the contraction induced enhancement in gene
expression of PGC-1α, UCP3 and HKII.
Studies on humans and animals have shown that an acute
bout of exercise leads to an increase in transcription and mRNA
for several genes encoding proteins of importance for
metabolism and muscle function [1–3,26]. The regulation of
these genes remains, however, unclear, and the main purpose of
the present study was to determine whether the contraction
induced up-regulation of mRNA for selected metabolically-
related genes involve ROS. In accordance with previous
observations on adult muscle [1–3] we found in the present
study that acute electrostimulation of muscle cells lead to a
transient increase in PGC-1α and UCP3 mRNA levels, with
return to basal mRNA levels between 10 and 24h after
electrostimulation. Treatment of the muscle cells with antiox-
idants prior to the electrostimulation was found to abolish this
contraction induced effect suggesting a modulating effect of
ROS for this process. Three different combinations of
antioxidants were used to assess whether there was a differential
effect of enzymatic (GPX/GSH, SOD and CAT) versus non-
enzymatic antioxidants (vit C, vit E, CoQ10 and GSH), or
specifically fat-soluble antioxidants only (Vit E and CoQ10). All
four combinations of antioxidants were effective in abolishing
the contraction-induced increase in PGC-1αand UCP3 mRNA.
A similar observation was made when antioxidants were
added to cells that were stimulated to contract for 90min every
day for five consecutive days. This repeated stimulation resulted
in a more sustained increase in PGC-1 α and UCP3 mRNA and a
transient increase in HKII mRNA. This agrees well with the
belief that cellular adaptations to repeated bouts of contraction
(training) are believed to result from an accumulation of transient
gene responses, or other regulating adaptations of factors
involved in regulating these genes, to each single bout of
contraction. Addition of a combination of several antioxidants or
GPX and GSH alone, throughout the five day period of
electrostimulation abolished or markedly reduced the contraction
induced increase in mRNA for the investigated genes. In
combination, these effects of antioxidants in strongly attenuating
the enhancement in mRNA content after acute as well as repeated
exercise suggest that ROS are important signaling compounds inthe adaptive gene responses in skeletal muscle to exercise. The
similar effectiveness of the different antioxidant combinations in
removing the contraction induced increase in mRNA contents,
furthermore, suggests that the effect of antioxidant addition in
abolishing the increase in mRNAwas not due to the presence of
the antioxidant per se, but due to the removal of ROS.
The finding that the mRNA levels of all three investigated
genes respond to ROS and antioxidant treatment suggests that
there is a common mechanism underlying the effect. Previous
studies have demonstrated that the transcription factor nuclear
respiratory factor 2 (NRF2) binds to the anti-oxidant response
element (ARE) and thereby mediates transcriptional responses
to the presence of ROS. We have found the ARE sequence
(TGACNNNGC) [27] in the sequence upstream from the
translational initiation site of both the UCP3 and HKII gene and
it is therefore a possibility that the effect of ROS on the mRNA
expression of these genes is mediated via NRF2 binding to
ARE. PGC-1α has been coupled to ROS metabolism in two
other ways, one via its effect in enhancing SOD and glutathione
expression and the other via its stimulating effect on UCP3
expression [28,29].
In order to assess whether the given experimental contraction
conditions induced an enhanced level of ROS we assessed the
formation of superoxide and H2O2 in the cell cultures. Contrac-
tion of the cells was found to enhance the level of H2O2 but not
of superoxide which is in accordance with a previous study in
our laboratory [15]. This enhanced formation of H2O2 was
not due to electrolysis due to the electrostimulation as veri-
fied by measurement of H2O2 in cell free media subjected to
electrostimulation.
To determine whether addition of exogenous ROS could
alter the mRNA level for PGC-1α, HKII and UCP3, xanthine
oxidase/xanthine (XO/XA) was added to the muscle cell
cultures for 10 days. The addition of XO/XA enhanced the
level of mRNA for PGC-1α, HKII and UCP3 by between
1.6- and 2.7-fold. This effect was likely to be due to the
formation of ROS as verified by control experiments showing a
lack of effect on mRNA content with treatment of cells with
xanthine oxidase inhibited by allopurinol and also by verifica-
tion of ROS formation by the XO/XA system. The effect of
extracellularly added ROS in enhancing the mRNA content of
the muscle cells provides further support to ROS being involved
in the expression of the PGC-1α, HKII and UCP3 genes.
Moreover, due to the biological property of H2O2 of having a
longer half-life and a better ability to pass membranes, it is
likely that H2O2 is a more prominent signaling molecule
compared to superoxide.
We also examined the role of ROS for the basal regulation of
the mRNA content of PGC-1α, HKII and UCP3 in the skeletal
muscle cells. For this purpose muscle cells were treated for 10
days with an antioxidant cocktail consisting of either a
combination of many antioxidants, by SOD and catalase
combined, or by GSH alone. Neither of these treatments had
an effect on the mRNA level of PGC-1α,UCP3 or HKII
suggesting that the endogenous production of ROS during basal
conditions is not essential for maintenance of the mRNA level
for these genes.
975L.R. Silveira et al. / Biochimica et Biophysica Acta 1763 (2006) 969–976In the present study we predicted that the extracellularly
added enzymatic antioxidants would have an effect on gene
expression by altering the intracellular redox balance. This
prediction was based on several previous reports showing that
addition of ROS and antioxidants to the extracellular space
affect intracellular ROS levels, and the observations that
intracellular O2
S− and H2O2 rapidly pass through the muscle
cell membrane [15,30–33]. The rapid diffusion of O2
S− and
H2O2 would allow for an increased outward gradient upon
removal of extracellular ROS by addition of antioxidants, and
thereby a lowering of the intracellular ROS concentration. In
agreement, we have in a previous study shown that extracellular
addition of antioxidants lower the intracellular level of ROS
[15]. Similarly, Reid et al. [33] demonstrated that addition of
antioxidants to the extracellular medium of incubated rat muscle
reduced the intracellular ROS levels as indicated by a reduced
DCFH oxidation and delayed low frequency fatigue. Moreover,
evidence for that extracellularly added ROS affect intracellular
ROS levels was provided in a study by Murrant and co-workers
[30]. These investigators showed that XO/XA added to the
extracellular medium enhanced the intracellular ROS formation
in incubated muscle preparations as indicated by an enhanced
intracellular DCFH oxidation [30]. Based on present and
previous findings it may be speculated that, in mammals, an
elevated level of antioxidants in the extracellular compartment,
such as may occur with intake of antioxidant supplementation,
could affect exercise induced gene-expression in the skeletal
muscle.
In summary, the present study showed that acute contrac-
tion of skeletal muscle cells enhanced the formation of H2O2
and lead to a transient increase in PGC-1α and UCP3 mRNA
in muscle cells, an increase that was abolished by prior
addition of antioxidants. Repeated electrostimulation bouts
induced a prolonged elevation in the basal level of PGC-1α
and UCP3 mRNA and a transient elevation in HKII mRNA in
muscle cells. These elevations were also markedly attenuated
by prior addition of antioxidants. Addition of ROS via
xanthine oxidase/xanthine enhanced the level of PGC-1α,
UCP3 and HKII mRNA in the muscle cells. Combined, these
results provide support for an important role of ROS, and in
particular H2O2, for the regulation of gene expression,
including contraction-induced gene expression, in skeletal
muscle. The findings also show that enhanced levels of
extracellular antioxidants and pro-oxidants may affect intra-
cellular processes.
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